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Abstract: Obesity is a major predisposing factor for the development of type 2 diabetes (T2D) 
and is an escalating public health issue around the world. The transition from obesity to T2D is 
preceded by the induction of a state of insulin resistance, which occurs in response to genetic 
factors and environmental influences, such as diet. Recent advances have implicated inflammatory 
immune cells and cytokines as critical pathogenic mediators of insulin resistance and T2D. In 
particular proinflammatory T helper (Th)l cells and Ml macrophages are recruited to adipose 
tissue in response to high fat diet and directly promote the development of insulin resistance. 
The function of these two cell types is linked by the actions of the cytokine interferon (IFN)y 
and one of its major transcriptional regulators T-bet. Recent studies in animal models of T2D 
demonstrate that T-bet is critical for the development of insulin resistance in response to high fat 
diet as T-bet-deficient animals are protected from the development of insulin resistance. These 
data indicate that T-bet and type 1 immunity may constitute novel sites of therapeutic interven- 
tion for the treatment of insulin resistance and T2D, in obese human patients. 
Keywords: type 2 diabetes, obesity, insulin resistance, immune system, T-bet, Thl, IFNy 

Introduction 

The prevalence of obesity has steadily increased in recent decades and currently, more 
than 10% of the world's adult population is obese, as determined by a body mass 
index (BMI) equal to or greater than 30 kg/m 2 . 1 In the USA, the prevalence of obe- 
sity is 34%, and this is forecast to increase to 42% by 2030. 2 Obesity is caused by an 
imbalance between intake and expenditure of energy and is particularly associated with 
increased adiposity. It is an important risk factor for the development of type 2 diabetes 
(T2D), cardiovascular disorders, musculoskeletal problems, such as osteoarthritis, and 
increased risk of certain cancers, including colon and breast cancer. 1 According to US 
statistics, more than 80% of people with T2D are obese or overweight. 3 Thus, obesity 
predisposes to a range of debilitating health problems and will represent a significant 
burden of the public health system for the foreseeable future. 

Study of the pathogenesis of obesity and T2D has identified important roles for the 
immune system in the induction of insulin resistance and development of T2D. As we 
more fully elucidate the underlying immunological mechanism, it is possible that we 
will identify new therapeutic strategies for the treatment of T2D based on modulation 
of immune responses. Our aim is to review the current literature elucidating mecha- 
nisms of immune regulation of insulin resistance and T2D, with particular focus on 
the last decade of work defining the role for the transcription factor T-bet for control 
of type 1 immunity, and its relevance in T2D. 
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Progression from obesity toT2D 

Obesity can lead to the impairment of insulin sensitivity in 
sites of glucose disposal, such as skeletal muscle, liver, and 
adipose tissue - a condition known as "insulin resistance". The 
normal actions of insulin include stimulation of glucose uptake 
and glycogen synthesis in the skeletal muscle and liver, and 
inhibition of gluconeogenesis in the liver. Insulin also causes 
inhibition of lipolysis and increases lipogenesis in adipose 
tissue. Insulin resistance is characterized by reduced glucose 
uptake by skeletal muscle, increased release of glucose from 
the liver, and increased release of lipids from adipose tissue 
into the blood. 4 Overall, this results in glucose intolerance and 
relative hyperglycemia in obese insulin-resistant individuals. 

(3-cells in the pancreatic islets adapt to hyperglycemia 
with compensatory responses, such as expansion of the total 
[3-cell mass and increased insulin secretion. 5 The resultant 
hyperinsulinemia is able to maintain normoglycemia to some 
extent; however, chronic progressive insulin resistance and 
compensatory hypersecretion of insulin can induce (3-cell stress 
and eventually, [3-cell failure, resulting in progression to frank 
hyperglycemia andT2D. 6 Poor glycemic control in individuals 
with T2D can lead to various downstream complications that 
include renal failure, blindness, neuropathy, and cardiovascular 
disorders, such as myocardial infarction and stroke. 7 

Animal models of obesity 

Understanding the mechanisms of obesity-induced insulin 
resistance has been an area of intensive research in recent 
years. These mechanisms have been elucidated primarily using 
animal models, including the high fat diet (HFD) model, ob/ 
ob mice, and Zucker fatty rats. 8 In the HFD model, male mice 
or rats are made obese, insulin resistant, and glucose intoler- 
ant by feeding them a lipid- and calorie-rich diet for several 
weeks. Most studies use either a 45% or 60% HFD (denoting 
the percentage of total digestible calories obtained from lipid 
sources). 8 The ob/ob mouse is homozygous for a recessive 
inactivating mutation in leptin, a satiety hormone, and this 
mutation causes hyperphagia, obesity, and hyperglycemia. 8 
Zucker fatty rats are homozygous for a recessive mutation in 
the leptin receptor, which causes leptin resistance secondary to 
a hypofunctional leptin receptor. Similar to ob/ob mice, these 
rats are hyperphagic and obese and become insulin resistant 
and glucose intolerant. 8 The intake of an HFD or hyperphagia 
in these animal models causes increased accumulation of 
white adipose tissue, which is classified either subcutaneous or 
visceral. Increased deposition of visceral adipose tissue is gen- 
erally more deleterious for glucose homeostasis and insulin 
sensitivity in these animal models. 9 Ectopic lipid accumulation 



is also observed in the liver (steatosis) and muscle of these 
rodents, and this is a strong predictor of hepatic and skeletal 
muscle insulin resistance. 10 

Insulin signaling and insulin 
resistance 

Insulin signaling is a complex process involving several key 
factors (these have been reviewed more extensively else- 
where). 11 Important steps in the insulin signaling cascade 
include the binding of insulin to its receptor, followed by its 
autophosphorylation and tyrosine phosphorylation of insu- 
lin receptor substrate (IRS)-l and IRS-2. IRS-1 and IRS-2 
then bind to phosphatidylinositol 3-kinase (PI3K), and this 
induces a series of downstream events resulting in activation 
of Akt. Activation of Akt in insulin-sensitive cells has various 
effects, including the translocation of the insulin-sensitive 
glucose transporter (GLUT-4) to the cell membrane, activa- 
tion of glycogen synthesis, and inhibition of gluconeogenic 
genes in the liver. 4 - 6 Impairments of this signaling network 
can result in insulin resistance, including modulation of 
the activity of the key signaling molecules, such as IRS-1, 
IRS-2, and Akt. The kinases IKK (IkB kinase) and JNK-1 
(c-Jun N-terminal kinase 1) negatively regulate IRS-1 and 
IRS-2 by serine phosphorylation, inducing degradation 
of IRS proteins and inhibition of insulin receptor signal- 
ing. 1112 Increased IRS-1 serine phosphorylation is observed 
in insulin-resistant states. 1314 SOCS (suppressor of cytokine 
signaling) proteins compete with IRS proteins for binding 
sites on the insulin receptor, inhibit IRS tyrosine phos- 
phorylation, and induce IRS-1 and IRS-2 degradation. 1516 
The protein phosphatases PP2A (protein phosphatase 2A) 
and PHLPP (PH domain and leucine rich repeat protein phos- 
phatase) inhibit Akt activity via dephosphorylation of the acti- 
vating sites. 1718 Further, the factor TRB3 (nibbles homolog 3) 
inhibits Akt activity by sequestering the unphosphorylated 
form, thereby blocking its phosphorylation and activation. 19 
These mechanisms are regulated by metabolic and inflamma- 
tory factors that induce insulin resistance and predispose to the 
development of T2D. 

Lipid-derived molecules are 
mediators of insulin resistance 

Increased plasma concentration of saturated fatty acids such 
as palmitate is an important cause of insulin resistance in 
obesity. 20 Palmitate stimulation of cultured skeletal muscle 
myotubes has been shown to inhibit insulin signaling and 
glucose uptake in rat soleus muscle preparations. 2122 These 
inhibitory effects are mediated in part, by the sphingolipid 
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ceramide, which is synthesized as a consequence of 
palmitate-induced impairments of mitochondrial lipid 
oxidation 20 and inhibits insulin signaling by blocking Akt 
activation. 2123 Palmitate also induces insulin resistance via 
engagement of toll-like receptor 2 (TLR2) and subsequent 
activation of JNK and IKK(3 kinases. 24 Myriocin, a ceramide 
synthesis inhibitor, prevents palmitate-induced impairment 
of insulin signaling in skeletal muscle cells and diabetes, in 
rodent models. 23 - 25 Conversely, inhibition of acid ceramidase, 
an enzyme that reduces ceramide levels by converting to 
sphingosine, restores the palmitate-induced suppression of 
insulin signaling in skeletal muscle. 26 

Unsaturated fatty acids also induce insulin resistance in key 
metabolic tissues. Linoleate induces increased cellular accu- 
mulation of diacylglycerols, and linoleate-rich infusions and 
diacylglycerols induce insulin resistance in rodent and human 
skeletal muscles, independently of ceramides. 25,2728 Diacyl- 
glycerols induce the activation of PKC (protein kinase C) 
iso forms, and these can inhibit the activity of IRS- 1 , leading 
to insulin resistance. 20 - 29 Thus, lipid-derived molecules have 
direct effects on insulin-sensitive tissues and can induce 
insulin resistance. 

Mechanisms of inflammation- 
induced insulin resistance 

Appreciation of the role of inflammatory processes in the 
development of insulin resistance has increased over the 
last 15 years. It is now recognized that obesity induces an 
inflammatory state that promotes the development of insu- 
lin resistance. 9 - 30 Adipose tissue has high levels of resident 
macrophages, and these cells are critical players that mediate 
the development of obesity-associated insulin resistance. 31 
Adipose tissue macrophages (ATMs) are classified into 
classically or alternatively activated macrophages, based on 
their pro- or anti-inflammatory functions respectively and can 
be identified by their differential expression of cell surface 
markers and cytokines. 

Ml or classically activated macrophages express CD1 lc, 
secrete proinflammatory cytokines, such as tumor necrosis 
factor (TNF)a, interleukin (IL)-6, and IL-1(3, and their dif- 
ferentiation is promoted by interferon (IFN)y and lipopoly- 
saccharide. 31,32 M2 or alternatively activated macrophages 
express MGL-1 (macrophage galactose lectin 1), secrete 
anti-inflammatory molecules, such as IL-10, transforming 
growth factor (TGF)(3, and IL-1 receptor antagonist, and 
differentiate in response to IL-4 and IL-13. 31,32 Under nor- 
mal homeostatic conditions, ATMs have a predominantly 
M2 phenotype; however, obesity induces a shift in the ATM 



population, from the M2 to Ml phenotype. This occurs via 
two main mechanisms: phenotypic conversion of M2 to Ml 
and recruitment of Ml macrophages into adipose tissue. 6,31 " 34 
This phenotypic conversion can be mediated by multiple 
stimuli, such as lipotoxicity and adipocyte dysfunction, 
including hypertrophy, hypoxia, and necrosis. Necrotic adi- 
pocytes also stimulate recruitment and the accumulation of 
Ml macrophages and secretion of proinflammatory cytokines 
and chemokines, including monocyte chemoattractant protein 
(MCP)-l. 6,33 ' 35 ' 36 

Ml ATMs produce proinflammatory cytokines, such 
as TNFa, IL-6, and IL-1 [3, in response to obesity, and cir- 
culating levels of these cytokines are increased in human 
patients and mouse models of T2D. 30 These cytokines have 
several effects that could link obesity to insulin resistance, 
most notably, the induction of local inflammatory pathways. 
Engagement of TNFa receptors activates the NF-kB (nuclear 
factor kappa-light-chain-enhancer of activated B cells) and 
MAP (mitogen-activated protein) signaling pathways via 
IKK and JNK1 kinases. 10 Liver-specific deletion of IKK 
protects from hepatic insulin resistance in both the HFD and 
ob/ob mouse models. 37 Similarly, JNK 1 -deficient mice are 
protected from obesity-induced insulin resistance. Compared 
with wild type controls, these mice gain less weight and have 
a relatively higher body temperature, indicating increased 
energy expenditure. 14 IL-6 suppresses insulin receptor sig- 
nal transduction by inhibiting IRS-1, IRS-2, and Akt in a 
SOCS3-dependent manner. 15 - 38 These cytokines also cause 
increased lipolysis in adipose tissue, by reducing the expres- 
sion of stabilizing lipid droplet proteins, including perilipin 
and FSP27 (fat specific protein 27). 39,40 This could promote 
ectopic lipid deposition in other insulin-sensitive tissues. 

NLRP (Nucleotide-binding oligomerization domain 
Leucine-rich Repeat and Pyrin domain-containing family) 
inflammasome-dependent IL-1 (3, secretion from mac- 
rophages and adipocytes plays an important role in the patho- 
genesis of insulin resistance. 41 The NLRP3 inflammasome 
mediates the activation of caspase 1 , which is required for 
the processing of pro-IL- 1 p to the active IL- 1 (3 form. 42 IL- 1 (3 
is directly toxic to pancreatic (3-cells and induces insulin 
resistance via inflammatory pathways. 41 The saturated fatty 
acid palmitate and ceramide activate the inflammasome 
complex in macrophages, while the unsaturated fatty acid 
oleate does not. 43,44 Increased inflammasome activity has 
been observed in monocyte-derived macrophages from 
T2D patients. 45 Inflammasome activation promotes insulin 
resistance via inhibitory serine phosphorylation of IRS-1 in 
liver and adipocytes, and inhibition of Akt activity. 44 Mice 
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deficient in NLRP3 or caspase 1 are protected from HFD- 
induced insulin resistance and glucose intolerance. 44,46 Thus, 
inflammasome activation and the production of inflamma- 
tory cytokines by adipose tissue macrophages can inhibit 
insulin signaling and cause insulin resistance. 

The adaptive immune system 
regulates insulin sensitivity 
in obesity 

The adaptive immune system is composed of a vast array 
of differing lymphocyte subsets. The predominant lympho- 
cytes include CD4 + T cells, regulatory T cells (Tregs), CD8 + 
T cells, and B cells, and these cells perform numerous criti- 
cal functions, such as secretion of cytokines, the limiting of 
self-reactivity, killing of infected cells, and production of 
antibodies. CD4 + T cells are central regulators of the adap- 
tive immune system, and these can diverge along multiple 
lineages, such as T helper (Th)l, Th2, Thl7, and Tregs, in 
response to environmental cues. 47 These lineages exhibit 
unique cytokine signatures and functional properties. 47 

Lymphocytes play a critical role in the control of adipos- 
ity and glucose homeostasis in response to a HFD, in mouse 
models. 3148 When fed a normal diet, adipose tissue resident 
Tregs and Th2 T cells maintain an anti-inflammatory envi- 
ronment via the production of anti-inflammatory cytokines 
and induction of alternative macrophage activation. 31,49 In 
response to a HFD, Thl type T cells are recruited to subcu- 
taneous and visceral adipose tissue, in animal models. This 
recruitment increases the ratio of Thl cells to Tregs and 
leads to a proinflammatory state in visceral adipose tissue. 
This is temporally correlated with an increased number of 
M 1 -type macrophages in adipose tissue, induction of insulin 
resistance, and impaired glucose homeostasis, in mice. 34,50,51 
There is some evidence that this mechanism may be relevant 
to humans as analysis of a small cohort of obese patients 
revealed that the Thl/Treg ratio in visceral adipose tissue 
was positively correlated with BMI. 52 

Lymphocyte-deficient RAG2 '~ mice have exacer- 
bated weight gain and insulin resistance in response to 
a HFD, which can be partially corrected by the transfer 
of CD4 + T cells. 52 These results highlight the function of 
anti-inflammatory CD4 + T cells, and loss of these cells in 
HFD mice contributes to insulin resistance. 50,53 Treatment of 
obese mice with immune therapies, such as immunosuppres- 
sive anti-CD3 monoclonal antibodies, was shown to result in 
the induction of anti-inflammatory responses in adipose tis- 
sue, including increased FoxP3 + Tregs and alternatively acti- 
vated macrophages, increased IL-10, and reduced TNFa. This 



was associated with reduced insulin resistance and improved 
glucose tolerance in the anti-CD3 treated animals. 52 Thus, 
distinct CD4 + T cell subsets have opposing proinflammatory 
and anti-inflammatory functions in obesity. Thl responses 
are central to the recruitment of M 1 macrophages and the 
induction of insulin resistance in models of obesity-induced 
diabetes. These effects are counterbalanced by the function 
of Tregs andTh2 cells, which maintain an anti-inflammatory 
state and enhance insulin sensitivity. 

Other lymphocyte subsets, including CD8 + T cells and 
B cells, also regulate glucose homeostasis in models of 
obesity CD8 + T cells are recruited to adipose tissue after 
an HFD, and activation of CD8 + T cells was shown to be 
enhanced in the epididymal adipose tissue from animals 
on an HFD compared with a normal diet. 48 These activated 
CD8 + T cells support the recruitment and expansion of 
macrophages expressing high levels of TNFa. Similarly, 
B cells, particularly class-switched immunoglobulin (Ig) 
G + B cells, are recruited to adipose tissue after an HFD, 
accompanied by a specific enhancement in the produc- 
tion of IgG2c isotype antibodies. 54 These antibodies were 
shown to be pathogenic as transfer from obese mice into 
B cell-deficient recipients caused increased numbers of 
Ml macrophages in visceral adipose tissue, increased 
TNFa production, increased fasting insulin levels, and 
exacerbated glucose intolerance. 52 The pathogenic roles 
of CD8 + T cells and B cells were further illustrated by 
improved glucose tolerance in CD8 + T cell- and B cell- 
deficient mice on an HFD. 48,52 Thus several lymphocyte 
lineages contribute to the development of insulin resistance 
in response to obesity. 

IFNy promotes insulin resistance 

IFNyis the signature Thl cytokine, and its expression in adi- 
pose tissue increases in obesity. 55 IFNy receptor engagement 
and activation of the downstream JAK (Janus kinase) and 
STAT1 (signal transducer and activator of transcription 1) 
pathway causes decreased insulin-stimulated glucose uptake, 
inhibited differentiation, and reduced triglyceride content in 
adipocytes. 56 IFNy stimulates the expression of macrophage 
and T cell chemoattractants and secretion of TNFa from 
cultured adipocytes and visceral adipose tissue prepara- 
tions. 55 Moreover, IFNy acts on adipose tissue macrophages 
to facilitate M2 to Ml phenotypic conversion in obesity. 57 In 
addition, IFNy directly impairs insulin signaling by reducing 
insulin receptor IRS-1 and GLUT-4 expression and Akt-1 
phosphorylation. 56 IFNy-deficient mice had improved insulin 
sensitivity and glucose tolerance after an HFD, consistent 
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with the role of IFNy as a proinflammatory factor in adipose 
tissue. 55 - 58 This favorable metabolic phenotype was accom- 
panied by increased physical activity and lower food intake 58 
and was likely due, in part, to the reduced recruitment of 
Ml macrophages and other inflammatory cells to adipose 
tissue, in IFNy~'~ mice. 55,57 

T-bet is a central regulator of IFNy 
production and immune function 

T-bet is a Tbox family transcription factor that was first iden- 
tified as a transcriptional inducer of IFNy in CD4 + T cells. 59 
Its expression is induced in naive CD4 + T cells by T cell 
receptor (TCR) and cytokine stimulation, particularly STAT 1 - 
inducing cytokines, such as IFNy. Expression of T-bet leads to 
the expression of a transcriptional program that stabilizes Thl 
cell differentiation, including IFNy, IL-12R(32 and Hlx-1, 60 
which promote further T-bet expression in a positive feedback 
loop, and other molecules that are required for Thl function, 
such as CXCR3 (C-X-C motif chemokine receptor type 3). 61 
In addition T-bet directly antagonizes the development of the 
Th2 and Thl 7 lineages, by suppressing the function of the 
lineage defining transcription factors GATA3 (GATA binding 
protein 3) and RORyt (retinoid acid receptor-related orphan 
receptor gamma t) respectively. 62 - 63 Overexpression of T-bet is 
sufficient to reprogram Th2 cells to express IFNy, and T-bet- 
deficient CD4 + T cells fail to differentiate into Th 1 cells under 
polarizing conditions. 59 Thus T-bet regulates the expression of 
a Thl transcriptional program in CD4 + T cells and is neces- 
sary and sufficient to promote Thl polarization. 

T-bet is expressed in a variety of other immune cell 
types and regulates type 1 immunity more generally. This is 
achieved by promoting the differentiation of multiple immune 
cell lineages that contribute to cell-mediated immunity and 
by suppressing the function of counterregulatory lineages. 64 ' 65 
T-bet is required for the development of optimal CD8 + T cell 
responses, where it transactivates the expression of IFNy and 
cytotoxic molecules, such as perforin and granyzme B. 66 
T-bet-deficient CD8 + T cells fail to upregulate activation 
markers, express lower levels of IFNy and increased levels 
of Tc2 cytokines, including IL-4 and IL-10, and fail to 
develop into functional cytotoxic T lymphocytes (CTLs) in 
vitro and in vivo. 67 

B cell antibody responses are regulated by cytokines, 
particularly differentiation and isotype class switching. The 
production of the IgG2a/c isotype is associated with activa- 
tion of cell-mediated immunity and is induced in response 
to IFNy stimulation of B cells. T-bet-deficient B cells have 
impaired production of class-switched IgG2b and IgG3, 



and almost complete absence of IgG2a downstream of IFNy 
signaling. 68,69 

T-bet also controls adaptive immune responses by modu- 
lating the function of innate immune cells, including dendritic 
cells. T-bet is induced, in response to IFNy, in dendritic cells 
via a STAT 1 -dependent mechanism 70 and is required for IFNy 
production in response to IL- 1 2 and IL- 1 8 stimulation. Immu- 
nization of mice with T-bet-deficient dendritic cells resulted 
in reduced IFNy in responding CD4 + T cells, most likely the 
result of reduced IFNy production from the dendritic cells. 
Furthermore the adjuvant properties of CpG (unmethylated 
DNA of microbial origin) in the clearance of Listeria mono- 
cytogenes are dependent on the IFNy-induced expression 
of T-bet in dendritic cells. 71 T-bet-deficient mice also show 
profound defects in the frequencies of natural killer (NK) and 
natural killer T (NKT) cell lineages 72 and functional impair- 
ments in NK cells, in the context of metastatic cancer. 73 

The importance of T-bet for the development of optimal 
immune responses has been demonstrated in multiple in vivo 
models of infection and autoimmunity. T-bet-deficient mice 
are more susceptible to a range of intracellular pathogens, 
including Mycobacterium tuberculosis, Leishmania major, 
Staphylococcus aureus, and Salmonella typhimurium. 
In keeping with generalized deficiencies in type 1 immunity, 
T-bet-deficient mice are less susceptible to autoimmune 
disorders, including inflammatory bowel disease, experi- 
mental autoimmune encephalomyelitis , collagen-induced 
arthritis, systemic lupus erythematosus, and type 1 diabetes. 64 
Strikingly, T-bet-deficient mice also develop spontaneous 
allergic airway inflammation that is reminiscent of human 
asthma, 74 in keeping with their inability to suppress the 
expression of Th2 cytokines during Thl polarization. 75 Thus 
T-bet is a central transcriptional regulator for type 1 immunity 
and is required for optimal function of multiple innate and 
adaptive immune cell lineages. 

Role of T-bet in obesity andT2D 

A recent study has demonstrated that T-bet plays a critical 
role in the development of insulin resistance in animal mod- 
els of obesity (Figure 1). T-bet knockout mice fed an HFD 
showed increased weight gain and adiposity; however, they 
were refractory to the induction of insulin resistance. 76 The 
authors argue that the uncoupling of weight gain and insulin 
resistance in the absence of T-bet was mediated by the adap- 
tive immune system and impaired IFNy production. 

A detailed analysis revealed that T-bet-deficient mice had 
increased body weight and perigonadal and mesenteric fat 
deposits on both normal diet and HFD. 76 This was correlated 
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Figure I T-bet/IFNy effects in obesity and insulin resistance. 

Abbreviations: IFN, interferon; Ig, immunoglobulin; IL, interleukin; Th, T helper; TNF, tumor necrosis factor; CD, cluster of differentiation; CXCR, C-X-C motif chemokine 
receptor; CXCL, chemokine (C-X-C motif) ligand; Tregs, regulatory T cells. 



with improved insulin sensitivity and glucose tolerance on 
both diets, suggesting that T-bet regulates insulin sensitivity 
in the basal state as well as in response to an HFD. Quan- 
tification of lymphocytes from adipose tissue demonstrated 
reduced numbers of CD4 + T cells, CD8 + T cells, and NK 
cells, and a reduced production of inflammatory cytokines, 
including IFNy, TNFa, IL-1(3, and IL-6. Generation of dou- 
bly deficient T-bet ^ x RAG2^mice implicated the adaptive 
immune system as these lymphocyte-deficient mice were no 
longer protected from the development of insulin resistance. 76 
These data indicate that the T-bet-dependent effects on insulin 
sensitivity reside within the adaptive immune system. 

The T-bet-deficient mice displayed increased percent- 
ages of FoxP3 + Tregs in perigonadal fat and reduced 
expression of CXCR3 and its ligands CXCL9 and 
CXCL1 1, which are required for the recruitment of Thl T 
cells into inflammatory sites. It is likely that reduced levels 
of inflammation and insulin resistance are due to reduced 
recruitment of Thl T cells into visceral fat, although the 
numbers of Thl orTh2 cells were not directly quantified. 
The predicted downstream consequences of decreased 



Thl recruitment are reduced activation of Ml inflamma- 
tory macrophages. This is consistent with the observed 
reduction in inflammatory cytokine production, although 
the authors did not quantify the frequencies of M 1 and 
M2 macrophages. 76 

The generation of doubly deficient T-ber' - x IFNy 7- mice 
indicates that IFNy is also a key mediator of these processes. 
The phenotypes of IFNy~'~ mice and T-bet /_ x IFNy~'~ mice 
were found to be almost identical, 76 indicating that IFNy 
deficiency is likely to be a primary cause of the observed 
protection from insulin resistance in T-bet-deficient mice. 
Additionally T-bet directly antagonizes the function of the 
Th2 lineage defining transcription factor GATA3. 62 Thus, 
increases in Th2 cells, in combination with reduced Th 1 cells, 
may also contribute to the observed protection. T-bet also 
suppresses the production of IL-2 in activated T cells, 77 and 
thus, T-bet-deficient T cells may produce elevated levels of 
IL-2 in adipose tissue. Since IL-2 supports the survival of 
Tregs in vivo, this may sustain increased levels of Tregs in 
adipose tissue, maintain an anti-inflammatory environment, 
and prevent induction of insulin resistance. 
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While the transfer of wild type CD4 + T cells into T-bet~ /_ x 
RAG2 ~'~ doubly deficient mice was found to partially restore 
insulin resistance, indicating an important role for CD4 + 
T cells, complete restoration was not observed. 76 These data 
indicate that other T-bet-expressing lymphocyte lineages may 
also contribute to the development of insulin resistance. Other 
potential candidates include CD8 + T cells and B cells, which 
are involved in the pathogenic processes leading to insulin 
resistance and express T-bet. T-bet is required for optimal 
activation, cytokine production, and CTL effector function 
in CD8 + T cells 66 - 67 and thus may make an important contri- 
bution to the development of insulin resistance in obesity. 
Similarly, T-bet is required for the optimal function of B cells, 
particularly class switching to IgG2a/c. As there is a specific 
enhancement of pathogenic IgG2a/c antibodies in response 
to an HFD and IgG2a/c production is controlled by T-bet, 68,69 
the T-bet deficiency in B cells may also contribute to the 
protection from insulin resistance in obese T-bet-deficient 
mice. Thus, it is likely that T-bet regulates insulin sensitivity 
by controlling the function of multiple lymphocyte lineages, 
including CD4+ and CD8 + T cells and B cells. 

Recently, the role of the microbiome in the pathogenesis 
of obesity and T2D has been further elucidated. Obese and 
T2D patients have been found to have alterations in the 
composition of their microbiome, 78 " 80 and gut microflora 
regulates the development of obesity in animal models. 81,82 
The microbiome composition changes in mouse models 
during the development of obesity, and fecal transplantation 
transfers an obese phenotype to wild type recipients. 83,84 
These data indicate that microflora play a causative role in 
the development of obesity. T-bet regulates mucosal T cell 
activation, and T-bet deficiency alters the composition of 
microflora, in mice, via T-bet actions in dendritic cells and 
innate lymphoid cells. 85-87 Thus, it is tempting to speculate 
that T-bet deficiency may also alter the microbiome in the 
context of an HFD and obesity and that this may also con- 
tribute to the inflammatory and metabolic processes that 
regulate the T2D. 

Whilst the data from mouse models demonstrating a role 
for the immune system and T-bet in the regulation of insulin 
sensitivity during obesity is compelling, much less convinc- 
ing data exists from human patients. Small clinical studies in 
T2D patients have identified increased ratios of inflammatory 
Thl to Th2 or Thl to Tregs in adipose tissue and increased 
expression of major histocompatibility complex (MHC) 
molecules in adipocytes. 50 - 52 - 88 These data are suggestive of 
ongoing CD4 + T cell-mediated inflammation within adipose 
tissue in T2D patients. 



Data from genome-wide association studies indicate 
that the majority of genetic linkages to T2D are associated 
with genes that regulate (3-cell function. 89 Strikingly, there 
is little evidence of linkage to immune or inflammatory 
pathways, such as MHC or cytokine signaling, as is observed 
for classical autoimmune diseases, such as type 1 diabetes. 90 
Peroxisome proliferator-activated receptor (PPAR)y poly- 
morphisms are associated withT2D, 89,91 and PPARy agonists 
improve insulin sensitivity in T2D patients. 92 Whilst the thera- 
peutic effects of these agonists were assumed to be due to a 
direct action on adipocytes, the recent discovery that PPARy 
is preferentially expressed by adipose tissue resident Tregs 
indicates that the primary mechanism of PPARy agonists 
may instead be immune regulation. 53,93 Similarly, other genes 
identified by genome-wide association studies in T2D may 
have hitherto unappreciated roles in the immune system. 

There have been promising studies demonstrating that 
blockade of inflammatory cytokines and pathways can be 
used to reduce insulin resistance in T2D. 9,30 The discovery that 
T-bet is required for the development of insulin resistance in 
preclinical models indicates that immune therapies based on 
antagonism of Thl immunity or induction of regulatory T cells 
may also be of therapeutic utility in T2D. Suppression of type 
1 immunity could potentially be achieved by direct pharmaco- 
logical antagonism of T-bet function or alternatively, reduction 
of T-bet expression using gene silencing technologies. Alter- 
natively, blockade of cytokines that induce T-bet expression, 
such as IFNy and/or IL-12, may also provide a means to sup- 
press T-bet and type 1 immunity in the context of T2D. Such 
therapeutic strategies must be weighed against the potential 
side effects of T-bet inhibition, such as reduced immunity to 
intracellular pathogens and tumors and/or increased suscepti- 
bility to airway inflammation, as suggested by the phenotype 
of T-bet-deficient mice. 74 Finally, expansion of Tregs via low- 
dose IL-2 treatment may also serve to dampen inflammation 
generally, which may prove an effective means of increasing 
insulin sensitivity in T2D patients. 

It is now appreciated that inflammation and the immune 
system play a critical role in the development of T2D, in the 
context of obesity. Immune cells, including Ml macrophages 
and Thl T cells, induce insulin resistance in response to 
environmental factors, such as dietary lipids, doing so via 
the action of immune mediators, including cytokines, such 
as IFNy. With the demonstration that T-bet-deficient mice 
are protected from the development of insulin resistance in 
the context of obesity, it is now clear that T-bet is a central 
regulator of insulin resistance via its ability to promote 
IFNy production, Thl T cell function, and type 1 immunity. 
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These effects are likely to be involved in the development 
of insulin resistance and T2D in human patients, and thus, 
a new generation of therapeutics that antagonize the function 
of T-bet, its upstream regulators, or downstream mediators 
may prove efficacious for the alleviation of insulin resistance 
and T2D, in obese patients. 
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